In the Gulf of Aqaba, the northeasternmost segment of the Red Sea, phytoplankton blooms are more intense than in other oligotrophic regions (e.g., the Sargasso Sea). In this study, we use multiyear in situ (1988)(1989)(1990)(1991)(1992)(1993)(1994)(1995)(1996)(1997)(1998)(1999)(2000) and Sea viewing Wide Field of View Sensor (SeaWiFS) (1999)(2000)(2001) chlorophyll a (Chl a) data to describe the dynamics of phytoplankton biomass throughout the Gulf of Aqaba. The temporal pattern of phytoplankton biomass in the Gulf of Aqaba includes a strong spring bloom and a somewhat weaker autumn bloom, the length, intensity, and timing of which vary from year to year. In addition, highly positive west-to-east (W to E) gradients in Chl a were found throughout the Gulf of Aqaba. A corresponding negative gradient in sea surface temperature (SST) obtained from MODerate resolution Imaging Spectroradiometer (MODIS) in 2001 indicates that the gradient of Chl a across the Gulf of Aqaba is an outcome of an Ekman-driven upwelling along the eastern side. Calculations of the upwelling and convective fluxes that are based on meteorological data from Eilat, Israel, indicate that upwelling is comparable to or exceeds convection during much of the year. We present a conceptual model demonstrating how upwelling and convection can either support or oppose each other, thereby jointly controlling mixed-layer depth and the development of phytoplankton blooms. Coastal upwelling plays a larger role in controlling phytoplankton dynamics than was previously thought, and it explains much of the observed spatial and temporal variability in phytoplankton distributions.
The Gulf of Aqaba, located off the northern Red Sea (Fig.  1) , has been called an oligotrophic sea (e.g., Levanon-Spanier et al. 1979; Reiss and Hottinger 1984) , but unlike other oligotrophic subtropical seas (e.g., Ondrusek et al. 1991; Letelier et al. 1996; Marañon et al. 2000) , it undergoes marked seasonal fluctuations in both phytoplankton biomass and primary production (Genin et al. 1995; Lindell and Post 1995) . In early fall, a negative heat flux at the ocean-atmosphere interface causes sea surface cooling. The cooled surface wa-1 Corresponding author (jahajey@pangea.stanford.edu).
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ter convectively mixes to depth, creating a deeply mixed surface layer, thus bringing nutrients to the surface (WolfVecht et al. 1992; Genin et al. 1995) . Mixing depth is maximal in late winter, with the degree of mixing dependent on the amount of atmospheric cooling during the preceding winter. Typically, convective mixing reaches to about 300 m, while mixing depths of 860 m were measured during the unusually cold winter of 1992 (Genin et al. 1995) .
In early spring, a phytoplankton bloom usually develops after air temperatures warm and surface waters begin to stratify, increasing the average exposure of phytoplankton to light. The majority of phytoplankton (Ͼ95%) in the Gulf of Aqaba are ultraphytoplankton (Ͻ8 m) (Lindell and Post 1995; Post et al. 1996) , including Synechococcus, Prochlorococcus (Lindell and Post 1995; Post et al. 1996; Li et al. 1998; Sommer et al. 2002) , and small eukaryotes, comparable to classic oligotrophic regions. However, unlike some oligotrophic regions (e.g., Claustre and Marty 1995) , the phytoplankton community structure exhibits strong seasonality, with Synechococcus and Prochlorococcus dominating during the spring and summer, respectively, and eukaryotic phytoplankton (specifically dinoflagellates and diatoms) dominating during winter (Reiss and Hottinger 1984; Lindell Fig. 1 . Left: the Red Sea with the Gulf of Aqaba indicated (after Berman et al. 2000) . Right: the Gulf of Aqaba in more detail, with Eilat, Sta. A, and the transects A1, A2, A3, and AL shown (map after Hall and Ben-Avraham unpubl. data). and Post 1995; Post et al. 1996) . The magnitude of the spring phytoplankton bloom is strongly correlated with the mixing depth, and hence, with heat flux, during the preceding winter (Genin et al. 1995) . Because these and other environmental factors (e.g., winds, aerosols) vary from year to year, phytoplankton biomass during the peak of the algal bloom varies substantially between years. Regardless, by summer, surface phosphorus (P) and nitrogen (N) concentrations in the Gulf of Aqaba have been typically driven below detection limits, although values at 600 m range from 0.03 to 1.0 mmol m Ϫ3 and from 0.07 to 7.2 mmol m Ϫ3 , respectively (Klinker et al. 1978) . Unfortunately, relatively few historical measurements of nutrients in the Gulf of Aqaba have been published.
In midsummer, primary productivity in the Gulf of Aqaba ranges from 0.2 to 0.9 g carbon (C) m Ϫ2 d Ϫ1 (Levanon-Spanier et al. 1979 ) with surface Chl a concentrations Ͼ0.2 mg m Ϫ3 (Levanon-Spanier et al. 1979; Genin et al. 1995) . These values are 2-10 times higher than those commonly observed in warm oligotrophic oceans at similar latitudes with similar SSTs and light intensities (e.g., Carlson et al. 1994; Marañon et al. 2000) . It is unclear how the relatively high productivity and phytoplankton biomass are maintained during the warm summer season when the water column is stratified (little convective mixing occurs), and no substantial nutrient sources are known. There are no major terrestrial nutrient inputscertainly none during the warm (dry) summer months. N fixation may be important during the summer months, although Trichodesmium (a major diazatrophic phytoplankter) colony densities in the Gulf of Aqaba are less than those found in other oligotrophic seas, such as in the Caribbean and Sargasso Seas (Post et al. 2002) . The only sources of water to the Gulf of Aqaba are from precipitation (only 3 cm yr Ϫ1 ) and advection from the south through the shallow (250 m) Straits of Tiran. However, since the inflow of Red Sea water (compensating for the evaporative flux of 350 cm yr Ϫ1 ) is confined to the upper 80 m, nutrients are low (Murray et al. 1984; Reiss and Hottinger 1984) . Evidence suggests that the prevailing northerly winds result in upwelling along the eastern Gulf of Aqaba during certain times of the year (Reiss and Hottinger 1984; Wolf-Vecht et al. 1992 ) and represent another means of restoring nutrients to the water column during the summer months, although the importance of this process is not well understood.
In this study, we use satellite imagery of the narrow Gulf of Aqaba, from both SeaWiFS and MODIS, to examine the temporal and spatial variability of SST and phytoplankton biomass dynamics. Remote sensing is a particularly useful tool for assessing biological and physical dynamics in the Gulf of Aqaba because the Gulf of Aqaba is surrounded by a multitude of political boundaries and is a logistically difficult region in which to conduct in situ sampling. The major objectives of this study are to (1) determine the large-scale spatial patterns of phytoplankton Chl a in the Gulf of Aqaba, (2) examine how these patterns change on a seasonal and interannual basis, and (3) determine the relative importance of convective mixing versus wind-driven upwelling in controlling phytoplankton concentrations in surface waters. Specifically, satellite SST and surface Chl a are used with surface wind data to assess the degree of upwelling and/or downwelling, the onset of sea surface cooling and convection, and the influx of waters from the Red Sea proper, all of which likely control the timing, persistence, and location of algal blooms in the Gulf of Aqaba.
Methods
Study area-The Gulf of Aqaba (Fig. 1) is bordered by Jordan and Saudi Arabia to the east, Israel to the northwest, Egypt to the west, and the Red Sea to the south. It is a deep (1,825 m maximum), long (ϳ160 km), and narrow (10-20 km) semienclosed basin, with the shallow Straits of Tiran at the southern border through which water is exchanged with the Red Sea.
Satellite data-SeaWiFS, a dedicated ocean color imager launched in August 1997, and MODIS, a multispectral imager launched in December 1999, provide daily coverage of the Gulf of Aqaba. Three complete years of SeaWiFS 1-km resolution Chl a imagery for the Gulf of Aqaba were recorded between 1999 and 2001 by three High-Resolution Picture Transmission (HRPT) stations and distributed through NASA's Goddard Distributed Active Archive Center (DAAC). Data for 1997 and 1998 are relatively scarce because of a paucity of HRPT collection stations in the region at that time. The Level 1 Local Area Coverage images from SeaWiFS were processed using the NASA SeaWiFS Data Analysis System (SeaDAS) image processing software with the OC4v4 algorithm and then mapped using a cylindrical projection. Slightly less than one full yr of MODIS 1-km resolution SST imagery was available directly from the DAAC. The MODIS Level 2 SST data were filtered to quality levels of 0 and 1 (first and second best-quality pixels, suggested for coastal areas) and mapped to the same projection with Interactive Data Language (Research Systems) scripts written for SeaDAS. Temporal resolution provided by the images was generally one cloud-free image every 3 d for both SST and Chl a, but because of infrequent highresolution satellite data collection by the HRPT stations during some months, this number was at times as few as two per month.
Once the images were processed to level 3, all images of low quality (e.g., distorted pixels at the edge of the swath, low data coverage) were discarded from the data set. The processed SeaWiFS images include Level 2 Flags (various indicators of pixel quality), which were also examined, particularly for evidence of turbidity. Turbidity can result in Chl a overestimates and atmospheric correction failure, as the atmospheric correction algorithm is compromised by nonzero water leaving radiance at 765 and 865 nm. Because the Gulf of Aqaba is a narrow basin with steeply sloping coastal shelves and little river runoff, turbidity was not prevalent in the images used in this study. Large amounts of dust can also compromise satellite-based estimates of Chl a (Claustre et al. 2002) . However, this effect usually leads to overestimates compared to low in situ values, the opposite of what we observed in this study.
To quantify horizontal gradients in Chl a and SST, three zonal transects (A1, A2, and A3) and one meridional transect (AL) were extracted from all projected satellite images (Fig.  1) . The meridional transect allows monitoring of the intrusion of waters from the Red Sea proper and their migration northward in the Gulf of Aqaba and enables comparison between the northern and southern zones of the Gulf. After the Chl a and SST data were extracted along the transects using the SeaDAS r line script, the data were interpolated linearly in space and time, and individual images were combined to create weekly averages. For the Chl a satellite data, we refer to a bloom as a level of Chl a greater than twice the average summer value during the 3 yr, Ͼ0.4 mg m Ϫ3 .
In situ data-In coordination with the Israel Meteorological Service, the H. Steinitz Marine Biology Laboratory at the Interuniversity of Marine Sciences in Eilat, Israel (29.504ЊN, 34.919ЊE), maintains a data archive containing local wind speed and direction, air temperature, humidity, and downwelling irradiance. SST and sea surface Chl a were measured daily (between 0800 to 1000 h local time) at a nearby pier as described by Genin et al. (1995) . The meteorological measurements were made with a Met One meteorological station (Campbell Scientific) . Chl a was measured fluorometrically after filtering the water sample through a GF/F filter and was then cold extracted (5ЊC) in 90% acetone for 24 h. The in situ data we used consisted of 3 yr of wind data (1999) (2000) (2001) , 13 yr of Chl a (1988 Chl a ( -2000 , and 4 yr of SST (1997 SST ( -2000 . Depth profiles of temperature and conductivity at Sta. A (Fig. 1) , made with a conductivity temperature depth profiler (CTD; Applied Microsystems and Seabird), were provided by the Red Sea Marine Peace Park, a Jordanian and Israeli program funded by the U.S. Agency for International Development (USAID) (Zimmer 2001) .
All data sets were binned to produce both daily and weekly means. In addition, the 10-min wind direction values were segregated into northerly (upwelling inducing on the east side of the Gulf of Aqaba) and all other directional components to calculate the fraction of each week that the winds were upwelling favorable. Days with invalid data or partial data coverage were eliminated from the analysis, and the remaining days were interpolated linearly to create a complete daily data set. In the absence of in situ nutrient data, wind, air temperature, and SST data were used to calculate the wind-supported Ekman transport of nutrients to the surface of the Gulf of Aqaba.
One way of comparing the relative basinwide importance of convection and upwelling fluxes in the forcing of phytoplankton blooms (i.e., in terms of supplying nutrients from the deep parts of the Gulf of Aqaba to the surface mixed layer) is to compare the fluxes into the surface mixed layer that result from both processes. However, it is important to recognize that they occur in two different ways: upwelling takes the lower layer fluid and first brings it to the surface in the upwelling region and then mixes it laterally (Blanton 1973) . In contrast, convective mixing acts more uniformly across the surface of the basin, entraining fluid from below the thermocline and incorporating it locally into the mixed layer. To make this comparison, we first determined the percentage of the time when winds were from the north (upwelling favorable) and computed the Ekman flux for that period as follows. For a given wind stress, the offshore Ekman drift must be equal to the integral over the upwelling region of the vertical flow from depth to the surface (Gill 1982) . The Ekman drift (T) was calculated as the wind stress () divided by the Coriolis parameter (f). where f is the Coriolis parameter (7.2 ϫ 10 Ϫ5 s Ϫ1 at 30Њ latitude), air is the density of air (1.5 kg m Ϫ3 ), water is the density of seawater (ϳ1,027 kg m Ϫ3 ), U 10 is the wind speed 10 m above sea level, C d is the drag coefficient (calculated as 0.44 ϩ 0.000063 ϫ U 10 , Smith 1980) , and wind is the number of degrees that the wind deviates from the optimal upwelling wind direction (the alongshore direction of 15Њ). To compare the effects of upwelling and convection, the entrainment velocity computed at the base of the mixed layer was multiplied by the width of the Gulf of Aqaba to compute a total entrainment flux per unit length of the Gulf of Aqaba. Following Sherman et al. (1978) , the entrainment velocity can be split into two parts: (1) the entrainment due to turbulence produced by both wave breaking and shear at the near-surface layer, and (2) the entrainment due to convective mixing. Generally, the entrainment flux was significant only when it was dominated by convection, conditions that generally were found when the upper mixed layer was deepening and cooling. For these cases, the entrainment velocity, u e , can be estimated to be as follows:
where H L is the latent heat flux, H s is the sensible heat flux, H Lw is the net longwave radiation, water is the density of water, C p is the specific heat capacity of water, and ⌬T is the difference in temperature between the mixed layer and the water below. This relation assumes that 30% of the cooling flux results in mixing, a reasonable approximation for convective mixing (Sherman et al. 1978) .
SeaWiFS Chl a and MODIS SST validation-
In situ data were used to validate the SeaWiFS-derived Chl a and the MODIS-derived SST. Because all in situ data are from Eilat, Israel, the satellite data within a 16-pixel box (centered at approximately 29.44ЊN, 34.92ЊE, as close as possible to Eilat) as well as along the A1 transect (more valid pixels were available for averaging purposes) were compared to the in situ data after they were temporally averaged using the same weekly bins. The fits between the Gulf of Aqaba satellite data and the in situ data for 1999 and 2000 (Chl a) and 2001 (SST) are acceptable ( Fig. 2a-c) . However, SeaWiFS appears to underestimate slightly the in situ Chl a at lower values (Ͻ0.2 mg m Ϫ3 ) and overestimate them at higher values (bloom periods). Similarly, MODIS and Eilat SSTs agree well, although there is a slight underestimation by MODIS at the lower values of SST, probably because of the location offset between the MODIS and Eilat sampling points. Disregarding possible calibration problems, the differences between the remotely sensed and in situ data could be due to several factors, including (1) the lack of coherence between the Eilat sampling days and days for which satellite imagery were available, (2) the larger spatial area included in the remote-sensing averaging (in situ data were taken from one location in Eilat), and (3) the differences between open-water data values and Eilat values, as none of the remotely sensed data included the Eilat pier. However, the fit between open-water Chl a (1 km offshore) and Eilat pier Chl a collected during several years is good (r 2 ϭ 0.74), although there is more scatter at the higher values (Fig. 2d) . On the basis of these comparisons, we believe that the SeaWiFS Chl a and MODIS SST algorithms perform well in the Gulf of Aqaba.
Results
The annual cycle in Chl a and SST-During a typical annual cycle, phytoplankton populations in the Gulf of Aqaba undergo a large bloom in the spring and a smaller bloom in the autumn. The Chl a distribution throughout the Gulf of Aqaba exhibits this same annual cycle, except for the southern edge near the Straits of Tiran and the eastern margin of the Gulf of Aqaba (upwelling side when winds are northerly), which are on average Ͼ0.5 mg Chl a m Ϫ3 higher than the rest of the Gulf of Aqaba (Fig. 3a) . Prebloom Chl a concentrations are relatively high in winter, ranging from 0.3 to 0.5 mg m Ϫ3 . Between March and April, the spring bloom develops and persists for an average of 3 months. Concentrations of Chl a associated with this bloom can be as high as 3 mg m Ϫ3 , but they typically average a more modest 0.8 mg m Ϫ3 . Zonal transects from the Gulf of Aqaba all show a positive W to E gradient in Chl a (Fig. 4a,c ) throughout the year, with the gradients being particularly strong during the spring and autumn blooms. Ultimately, nutrients become depleted by phytoplankton in summer, and Chl a drops to its lowest levels of the year, averaging 0.2 mg m Ϫ3 between the end of May and the end of September. By the beginning of October, Chl a begins to increase again, as autumn convection commences, eventually attaining wintertime values.
Phytoplankton biomass can change rapidly during the season, with Chl a occasionally increasing by an order of magnitude or more within the span of a few days. For example, in the northern Gulf of Aqaba (29.0ЊN-29.5ЊN) between 17 March 1999 and 19 March 1999, Chl a increased by a factor of Ͼ10, from 0.70 to 7.5 mg m Ϫ3 (Fig. 5a) . Similarly, Chl a increased by a factor of 15 within a 2-d period, from 0.26 to 3.9 mg m Ϫ3 between 16 February 2000 and 18 February 2000 (Fig. 5b) . The minimum specific growth rates calculated from such increases in Chl a are 1.96 and 1.71 d Ϫ1 for February 1999 and March 2000, respectively, which are consistent with published nonlimited net growth rates at Ͼ20ЊC (Eppley 1972) .
In situ data from Eilat for a 12-yr period (Fig. 6a) show that there is considerable interannual variability in the Chl a concentrations associated with phytoplankton blooms, including variability in the intensity, length and timing of the blooms. During some years (e.g., 1996 and 1999), the maximum spring Chl a levels reached only Ͻ1 mg m Ϫ3 , while during other years (e.g., 1992 and 2000), Chl a peaked at Ͼ3 mg m Ϫ3 . Some spring blooms were characterized by a single broad peak in Chl a that lasted several months (e.g., Ͼ14 weeks in 1992, see Fig. 6a, inset) , while others con- sisted of multiple shorter peaks (e.g., 2 weeks in 1991, see Fig. 6a, inset) . Finally, the timing of the spring blooms varied by as much as 1 month from one year to the next, including a 20-d delay in the onset of the spring bloom between 1991 and 1992 and a 35-d difference between 1997 and 1998.
The annual cycle of SST (Fig. 6b ) measured at Eilat is relatively simple, with the coldest SST in winter, reaching a minimum of 20-21ЊC during March (typically the month when the mixed-layer depth reaches its maximum), warming dramatically during the spring, peaking in summer at 26-28ЊC, and decreasing again during autumn. The variation around the mean among the 4 yr studied was below Ϯ1ЊC, and the variability was not significant at the 95% confidence level (ANOVA, P ϭ 0.20). Spatial variation in MODIS SST (Fig. 3b,c) is generally small, varying by Ͻ0.4ЊC throughout the Gulf of Aqaba and, similar to Chl a, exhibits a pattern indicative of upwelling (negative W to E gradient in SST) (Fig. 4b) , albeit not as distinct as the Chl a signal (Fig. 4a) . The largest spatial variation in SST is induced by the rela- tively warm water from the Red Sea that enters the southern region of the Gulf of Aqaba and migrates up the east coast during spring and autumn (Fig. 3b) . This can be seen most clearly in images where the mean SST for the entire image was subtracted from each image pixel (Fig. 3c) .
Interannual variability-The remotely sensed Chl a data shown in Fig. 7a -c all demonstrate prominent spring blooms followed by periods of relatively low Chl a in the summer, leading to moderately high autumn blooms. However, the duration, onset, and intensity of the blooms varied from year to year. There were also differences in the timing and extent of the blooms in the northern end of the Gulf of Aqaba compared to the south. For the 3 yr studied, the seasonal cycle is readily apparent in the satellite data, with the blooms typically being seen first at the southern or mid-Gulf of Aqaba and extending northward. However, the blooms often became more intense in the northern Gulf of Aqaba than in the mid-Gulf or southern Gulf, with 1999 maximum levels (Ͼ2 mg Chl a m Ϫ3 ) being twice as high at A1 as at A2. At the southern end of the Gulf of Aqaba, Chl a remained consistently high throughout the year, typically reaching ϳ1.0 mg Chl a m Ϫ3 . The dominant characteristic of MODIS SST is the seasonal cycle in the Gulf of Aqaba, shown also in the Eilat in situ temperature data (Fig. 6b) . The spring bloom began just after the SST started to increase in the late spring (March), associated with the onset of stratification in the Gulf of Aqaba ( Fig. 7a-c) . The pattern of SST shown in the AL transect follows the typical seasonal cycle of the Eilat SST, but it also shows that the southern region of the Gulf of Aqaba is relatively warmer than the northern/central region during all seasons of the year and that the onset of cooling in late winter is earlier in the northern-to-central Gulf of Aqaba than in the southern Gulf of Aqaba by 2-3 weeks. In fact, warm plumes extended northward from winter to spring from the area of the Straits of Tiran, with a temporally narrower band of cold SST during the winter (spanning weeks 5-10 in the south, compared to weeks 1-20 in the north) (Fig. 7c) .
Convection and upwelling dynamics-Evidence from remotely sensed Chl a and SST data shows that upwelling is a common occurrence in the Gulf of Aqaba. By examining the transects A1, A2, and A3 (Fig. 7a,b) , a pattern emerges that shows consistently higher than average Chl a on the eastern side of the Gulf of Aqaba during 1999-2001 (increasing W to E), with correspondingly cooler SSTs on the eastern side of the Gulf of Aqaba (decreasing W to E) during the only year for which such data are available (2001). The upwelling signal, as seen in the zonal transects A1, A2, and A3, is ubiquitous throughout the year. Positive W to E Chl a gradients, indicative of upwelling, were strongest during the spring bloom period, persisted into summer, and were still present during the autumn bloom. It can be seen (Fig.  4a ) that within a 3-km band closest to the eastern shore of the Gulf of Aqaba, Chl a levels were higher than average throughout 2001, although these levels are quite variable. Chl a concentrations decreased toward the western side of the Gulf of Aqaba, exhibiting values well below average. The corresponding SST transects exhibit an opposite, albeit weaker signal, with the westernmost 2 km showing SST levels above average, while the middle and eastern Gulf of Aqaba exhibit SSTs at average or well below average in some cases. However, at times, the negative W to E gradient in SST was quite strong, reaching 0.08-0.16ЊC km Ϫ1 (e.g., week 10). Wind patterns in the Gulf of Aqaba are relatively consistent from one year to the next, with the strongest winds occurring in the summer months and blowing from a northerly direction for Ͼ90% of the year (Fig. 8a,b) . Maximum wind speeds reached 9.49 and 9.25 m s Ϫ1 during 1999 and 2000, respectively. In 1999, winds were somewhat stronger during the spring and autumn than in 2000, and they dipped lower in the summer of 1999 than in 2000. However, an analysis of variance conducted on mean weekly wind speeds for the 2 yr showed that the 2 yr were not significantly different. The calculated Ekman drift data on the basis of the wind data (optimal longshore upwelling of 15Њ) are slightly greater in 2000 than in 2001 (Fig. 9 ) and are consistent with the wind speed data. In 1999, the seasonally integrated Ekman drift was lowest in winter (1.68 ϫ 10 6 m Ϫ2 ), which increased to a maximum in spring (2.50 ϫ 10 6 m Ϫ2 ) and then remained relatively high during summer and autumn (2.11 ϫ 10 6 m Ϫ2 and 2.19 ϫ 10 6 m Ϫ2 , respectively). In 2000, the Ekman drift was lowest in winter and autumn (1.76 ϫ 10 6 m Ϫ2 and 1.71 ϫ 10 6 m Ϫ2 , respectively), with the highest values in spring and summer (2.53 ϫ 10 6 m Ϫ2 and 3.01 ϫ 10 6 m Ϫ2 , respectively). The seasonal wind and Ekman drift data are summarized in Table 1 . Previous work has shown that wind direction is approximately uniform along the length of the Gulf of Aqaba (Berman et al. 2000) , although wind intensity increases slightly toward the southern end.
Heat losses vary more throughout the year. For example, a detailed calculation of the heat fluxes from Eq. 2 (calculated for 1999-2001 from meteorological data) shows values of net cooling that vary between 250 and 400 W m Ϫ2 (Monismith et al. unpubl. data), with the largest cooling rates in winter. Once heating by shortwave radiation is included, the total rate of cooling is ca. 150 W m Ϫ2 in winter. Temporal variations in mixed-layer temperature difference are more pronounced, ranging from a maximum of approximately 4ЊC in September to a few tenths of a degree in March (Paldor and Anati 1979) . For the sake of comparison, we assumed a total net heat flux of 150 W m Ϫ2 (appropriate for December (Fig. 10) . During early winter, convective entrainment was generally small (0.15 m 2 s Ϫ1 ), but by midwinter, the flows into the mixed layer by convection and upwelling were comparable. By early March, convective entrainment was stronger than upwelling, reaching a value of 0.7 m 2 s Ϫ1 . The net entrainment due to convection was much less in summer and autumn than in early December (data not shown), and ⌬T is larger because the upper water column stratification is strongest at that time (upwelling outweighs convection) (Wolf-Vecht et al. 1992; Genin et al. 1995; Lindell and Post 1995) .
Discussion
Seasonal cycle-The Gulf of Aqaba differs from other classic oligotrophic sites (e.g., the Sargasso Sea, oligotrophic North Pacific, Mediterranean Sea), with the strength, timing, and length of phytoplankton blooms and weak stratification being unique characteristics of the Gulf. For example, during a 9-yr time series taken in the Sargasso Sea, the annual cycle included a spring bloom driven by convective winter mixing (DuRand et al. 2001; Steinberg et al. 2001) , but unlike in the Gulf of Aqaba, the bloom in the Sargasso Sea peaked at a much lower level of Chl a, never reaching Ͼ1 mg m Ϫ3 (Steinberg et al. 2001) .
During the Atlantic Meridional Transect survey of the oligotrophic Atlantic, the temporal and interannual variability in phytoplankton Chl a was very low (typically less than a factor of two) during a 3-yr period (Marañon et al. 2000) , whereas phytoplankton Chl a in the Gulf of Aqaba can vary by more than two orders of magnitude. In addition, depthintegrated Chl a ranged from 20 to 40 mg m Ϫ2 in the oligotrophic Atlantic, while a conservative estimate for the average integrated Chl a during the spring bloom in the Gulf of Aqaba (mixed layer of 100 m) would be closer to 200 mg m Ϫ2 . Therefore, the Gulf of Aqaba appears to have significantly different phytoplankton biomass dynamics than the oligotrophic Atlantic.
The time series of phytoplankton biomass at the Hawaii Ocean Time Series (HOT) Sta. ALOHA also differs from the Gulf of Aqaba. The average spring levels of Chl a were 0.07 Ϯ 0.02 mg m Ϫ3 , much lower than those at Eilat (0.40 Ϯ 0.36 mg m Ϫ3 ). Summer levels at ALOHA were considerably lower than in the Gulf of Aqaba as well, averaging 0.09 Ϯ 0.02 mg Chl a m Ϫ3 compared to the 0.22 Ϯ 0.09 mg Chl a m Ϫ3 at Eilat. The oligotrophic region expected to be most comparable to the Gulf of Aqaba is the Mediterranean Sea, as both are marginal seas bounded at their connections to the open ocean by shallow sills (although the Mediterranean is slightly deeper, 1,500 m average, 5,000 m maximum, and has a larger area than the Gulf of Aqaba). Both seas are characterized by a convectively driven spring phytoplankton bloom, although the strength and timing of the blooms differ between the two seas. For example, during the 9-yr Joint Global Ocean Flux Study DYFAMED cruise in the Mediterranean, depth-integrated Chl a levels ranged from below detection during the warm, stratified summers to slightly Ͼ100 mg m Ϫ2 during the strongest bloom in spring of 1999 . In contrast, the northern Gulf of Aqaba exhibited an estimated Ͼ200 mg Chl a m Ϫ2 during all the spring blooms between 1989 and 2001. In addition, the central Mediterranean Sea exhibits a relatively shallow mixed layer prior to stratification in the spring, typically mixing to ϳ100 m , while in the Gulf of Aqaba, typical winter mixed layers are 250 m with extremes of Ͼ850 m (Genin et al. 1995) . Finally, unlike the regularity of the autumn blooms in the Gulf of Aqaba, no autumnal blooms were reported during the DYFAMED study, although one such bloom was described by Morel and Andre (1991) . On the other hand, results of a numerical model suggest that convective mixing in the eastern oligotrophic Mediterranean Sea is more comparable to that of the Gulf of Aqaba (Napolitano et al. 2000) . In addition, Marty et al. (2002) indicate that the strength and duration of the wind plays a relatively large role in the intensity of blooms in the central Mediterranean Sea, and we have found in this study that wind mixing likely plays a larger role in phytoplankton dynamics in the Gulf of Aqaba than was once thought.
Another marginal sea that is comparable to the Gulf of Aqaba is the Sea of Cortez (Gulf of California). This sea is also a rifting basin, and although the northern half is quite shallow due to infilling with sediment from the Colorado River, the depth profile of the southern half is on average 200 m, reaching a maximum on the order of 2,000 m, similar to the Gulf of Aqaba. In addition, upwelling along the eastern shore is prominent in satellite ocean color data of the region (Pegau et al. 2002) and results in high-nutrient input to the surface waters, supporting enhanced biological activity. However, the Sea of Cortez also has an area approximately 10 times larger than the Gulf of Aqaba and is known to be a highly productive coastal region (Alvarez-Borrego 1983) stemming from the strong upwelling flux. The waters entering the Sea of Cortez from the Pacific Ocean are dissimilar to those of the Mediterranean and the Gulf of Aqaba in that they are not restricted to the uppermost, warm, nutrient-poor surface waters and are instead relatively high in nutrients. Therefore, although the Gulf of Aqaba and Sea of Cortez may seem comparable in structure and hydrodynamics, the chemical characteristics and biological dynamics of the two systems are quite dissimilar.
The Chl a data gathered in situ from Eilat and obtained from SeaWiFS show that the Gulf of Aqaba exhibits multiple trophic attributes, despite its description as an oligotrophic sea in previous publications (e.g., Levanon-Spanier et al. 1979; Reiss and Hottinger 1984) . Chl a levels in the Gulf of Aqaba can increase by more than two orders of magnitude within 48 h and are easily more than twofold higher than those of other oligotrophic regions such as HOT, Sargasso, and Mediterranean Seas, even during the summer months (Letelier et al. 1996; Marañon et al. 2000; Ondrusek et al. 2001; Steinberg et al. 2001) . In fact, during the spring and autumn blooms, the Gulf of Aqaba is typically eutrophic (Ͼ1.0 mg Chl a m Ϫ3 as defined by Antoine et al. 1996; Behrenfeld and Falkowski 1997) . However, despite such high Chl a, the Gulf of Aqaba is dominated by small phytoplankton (primarily Synechococcus and Prochlorococcus) for much of the year, and nutrients are typically below detection at least for some of the year (Reiss and Hottinger 1984; Lindell and Post 1995) similar to classic oligotrophic regions (e.g., Chisholm et al. 1992; Campbell and Vaulot 1993; Steinberg et al. 2001) . The Gulf of Aqaba may be more accurately described as an oligotrophic sea along the western (downwelling) side, while the eastern (upwelling) margin is mesotrophic to eutrophic during much of the year.
The nature of the seasonal phytoplankton dynamics may Fig. 11 . Schematic of the Gulf of Aqaba showcasing the theorized interplay between upwelling and convection in the Gulf of Aqaba. Winter: shallow critical depth combined with deep convective mixing, offset by upwelling on the east and enhanced by downwelling in the west. Spring: critical depth deepens, and convective mixing decreases in magnitude, allowing blooms to form, with upwelling still present. Summer: deep critical depth is combined with little convective mixing; mixed-layer depth is primarily controlled by wind mixing, and upwelling acts to bring nutrients to the surface and enhance Chl a along the eastern side of the Gulf of Aqaba, decreasing toward the west. Autumn: critical depth begins to decrease in depth as the convective mixing starts up; as in winter, upwelling also assists in keeping phytoplankton above the critical depth, but the bloom is not as strong as in the winter because nutrients are not as plentiful during the autumn (mixing has not reached the most nutrient-rich deep waters).
have important implications for trophic interactions within the Gulf of Aqaba. First, the abrupt character of the blooms will have consequences for the food web, realized as a stronger decoupling between phytoplankton and zooplankton dynamics (Tagliabue and Arrigo 2003) . Second, it has recently been shown that the productive coral reefs in the Gulf of Aqaba subsist to a large degree on allochthonous plankton (Korpal et al. 1992; Yahel et al. 1998; Richter et al. 2001) , with N fluxes from the phytoplankton to the reef being 3-20 times greater than other allochthonous sources (Richter et al. 2001 ). In the absence of a significant spring bloom, phytoplankton may become too scarce to support the large amount of coral reef production found in the Gulf of Aqaba. Therefore, the interannual variability in the strength and timing of phytoplankton blooms may have serious consequences for the upper trophic levels in the Gulf of Aqaba.
Upwelling versus convection-Because the Gulf of Aqaba is weakly stratified, small perturbations such as transient cooling (that induces convection) and wind events (that drive upwelling) can at times mix deep water to the surface euphotic layer, making nutrients available for phytoplankton growth. However, when mixing exceeds the critical depth (Sverdrup 1953) , a phytoplankton bloom cannot develop. These opposing consequences of weak stratification may be responsible for the multipeaked nature of the blooms (Fig.  6a ) and the associated rapid changes in Chl a (Fig. 5 ) characteristic of the Gulf of Aqaba. The ubiquitous W to E gradients in Chl a and SST throughout the Gulf of Aqaba and the calculated entrainment by upwelling and convection indicate that blooms are controlled in part by upwelling dynamics. It is particularly surprising that the upwelling signal is present during the winter when convective mixing is at its strongest and would be expected to mask any evidence of upwelling (higher Chl a on the eastern side of the Gulf of Aqaba, decreasing toward the west). To understand the relative importance of these two processes in controlling phytoplankton blooms in the Gulf of Aqaba, we have developed a conceptual model of the seasonal interplay between convection and upwelling and how these processes influence the spatial and temporal patterns observed in Chl a and SST (Fig. 11) .
During winter and early spring (from November to early March, Fig. 11 ), the convective component of entrainment is strong enough to mix the surface waters below the critical depth as well as to bring large quantities of nutrients to the surface. On the eastern side of the Gulf of Aqaba, upwelling counteracts convection, and the mixed-layer depth remains shallower, thus maintaining phytoplankton above the critical depth, resulting in higher growth rates and accumulation of Chl a. On the western side, downwelling and convection act in concert to mix phytoplankton below the critical depth, and thus, despite high nutrient fluxes to the surface, the low average light level reduces phytoplankton growth. Therefore, in winter, upwelling in the Gulf of Aqaba is not an important mechanism for providing nutrients to the surface waters, but rather, upwelling acts to modulate mixed-layer deepening and thus prevent phytoplankton cells from circulating below the critical depth. Because the temperature contrast between shallow and deep waters is weak in winter, the E to W difference in SST due to the upwelling is minute and is irresolvable in MODIS data. An idealized winter N profile shows the upper mixed layer as a homogeneous 250-m layer, with N concentrations increasing slightly at depth (shown as a profile in Fig. 11 ). These dynamics explain why Chl a is higher along the east coast under conditions where both nutrient concentrations and light are relatively high and apparently not limiting in both the east and west sections of the Gulf of Aqaba.
In late spring (mid-March to May, Fig. 11 ), the critical depth increases due to increased solar insolation and the mixed-layer shoals somewhat due to thermal stratification, allowing phytoplankton to remain above the critical depth and to bloom throughout the Gulf of Aqaba. This is particularly true in the east, where upwelling can offset the tendency of transient convection events to mix phytoplankton below the critical depth. Presumed N concentrations are somewhat depleted at the surface, increasing at depth to ϳ7.5 mmol m Ϫ3 . This scenario results in blooms that develop first on the eastern side of the Gulf of Aqaba and then propagate across the Gulf toward the west as the stratification intensifies.
In summer (from June to September, Fig. 11 ), the critical depth deepens slightly, and the mixed layer shallows even further (20-30 m depending on wind mixing); at this time, the phytoplankton blooms become controlled by nutrient availability rather than light. In this weakly stratified water column, there is a well-defined nutricline, with N decreasing below detection in the uppermost waters and remaining at 7.5 mmol m Ϫ3 at 600 m. During this season, upwelling brings nutrients to the surface on the eastern side of the Gulf of Aqaba, resulting in an increase in Chl a in the east, which decreases toward the west. During this season, the SST shows a relatively strong upwelling signature, as one would expect given the relatively higher winds during summer. However, the waters of the Gulf of Aqaba are so weakly stratified that the upwelling signature is not clearly evident in the SST data.
In autumn (from September to November, Fig. 11 ), light is still relatively high, and convective mixing begins, replenishing nutrients in the surface waters. Because the Gulf of Aqaba is weakly stratified, mixing is deep (near the critical depth) but not as deep as during the winter. Therefore, the mixed-layer concentrations of N are moderate, approximately 4 mmol m Ϫ3 . Upwelling on the east side of the Gulf of Aqaba increases N and decreases SST during the start of the bloom and increases light availability during the end of the bloom. Therefore, the autumn bloom is typically weaker than the spring bloom, exhibits higher Chl a in the east than in the west, and is controlled by nutrient availability at the start of the bloom and by light availability at the end, as solar insolation declines and convective mixing increases.
Our conceptual model explains much of the spatial variability in satellite Chl a found in this study and is consistent with what is already known about the hydrodynamics in the Gulf of Aqaba. It demonstrates that upwelling and convection can either support or oppose each other, thereby jointly controlling mixed-layer depth and the development of phytoplankton blooms. Our model also relies on the presence of weak thermal stratification in the Gulf of Aqaba, a characteristic that has been described before (e.g., Reiss and Hottinger 1984; Wolf-Vecht et al. 1992; Genin et al. 1995) . In this way, the conceptual model accounts for both persistent (i.e., upwelling) and seasonal features (i.e., spring and autumn blooms) and is flexible enough to describe transient changes in Chl a, such as those derived from summer wind mixing.
The conceptual model does not include possible additions of nutrients to the surface waters because of remineralization by heterotrophs during autumn or N fixation by diazatrophs during summer months after the spring bloom develops. It also excludes zooplankton grazing as a controlling factor of phytoplankton biomass. First, although zooplankton produce ammonium that can support a secondary phytoplankton peak in temperate-stratified regions during late summer and autumn (Banse 1995) , Chl a cannot accumulate to the degree observed in the SeaWiFS data while growing on recycled nutrients. Second, the amount of N fixation in the Gulf of Aqaba has not yet been quantified and cannot be included in this model. Although N fixation provides a source of new N to surface waters, particularly during the summer months (e.g., Capone et al. 1997; Post et al. 2002) , rates of N fixation are thought to be lower in subtropical seas than in tropical oligotrophic seas (Capone et al. 1997) . However, primary production by Trichodesmium is most significant during the summer months, constituting 13-45% of total surface primary production during this season (Post et al. 2002) ; therefore, its N fixation potential should be included during the summer simulations in future modeling efforts. Finally, for zooplankton grazing to explain the observed positive W to E gradient in Chl a, grazing would have to be higher along the western margin. The opposite has been shown to be true, with zooplankton concentrations higher on the eastern side of the Gulf of Aqaba than on the west (Genin et al. unpubl. data) . In support of this argument, the Gulf of Aqaba has been described previously as a ''bottom-up'' (nutrient controlled) rather than a ''top-down'' (grazing controlled) system (Sommer 2000) .
Straits of Tiran-The phytoplankton dynamics in the southern tip of the Gulf of Aqaba do not strictly follow the conceptual model outlined above. This should not be surprising, however, given the role of the sill at the Straits of Tiran. The strong tidal currents and relatively shallow reefs in this area act to turbulently mix nutrients into the surface waters, which are then carried into the Gulf of Aqaba (Murray et al. 1984) . Our data show that an omnipresent phytoplankton bloom is located just inside the Straits at the southern tip of the Gulf of Aqaba, likely supported by these nutrients. Relatively low rates of alkaline phosphatase activity near the Straits (Li et al. 1998 ) also support the hypothesis that nutrients are less limiting in the Straits of Tiran than in other regions of the Gulf throughout much of the year. However, because the nutrient supply to the surface waters in the south is restricted to 250 m of water (moderately high nutrient concentrations) that mixes with nutrientpoor Red Sea water at the Straits, this region does not have access to the deepest, highest-nutrient waters. In contrast, the deeper mixing that typifies the north/central Gulf of Aqaba entrains a higher concentration of nutrients into surface waters. Therefore, the spring bloom in the north/central Gulf of Aqaba is often much larger than the constant bloom in the southern tip of the Gulf, but during the winter and summer months, the levels of Chl a in the southern tip of the Gulf are usually higher than those in the north/central Gulf.
The Mediterranean Sea also has a shallow (300 m) sill located at its only connection to the open ocean, the Straits of Gibraltar, and higher production near the Straits has been cited previously (e.g., Estrada 1996; Gomez et al. 2000a Gomez et al. ,b, 2001 . Specifically, tidal interactions with the sill are thought to entrain nutrients into the surface waters, which are then carried into the western Mediterranean Sea by the inflowing Atlantic Ocean waters. These data from the Mediterranean Sea lend support to the hypothesis that the Straits of Tiran and its associated sill also entrain nutrients into the surface water and support phytoplankton growth in the southern Gulf of Aqaba.
Conclusions-The
Gulf of Aqaba shares several characteristics with other oligotrophic oceanic regions while simultaneously displaying several unique features. Its annual cycle of phytoplankton biomass is closest to that of a temperate ocean, with both spring and autumn blooms, but the depth of convective mixing displayed in the Gulf of Aqaba is extreme. Therefore, although it is one of the warmest, most nutrient-poor seas during the summer, its weak stratification and upwelling favorable winds allow it to produce more phytoplankton than are typically found in other oligotrophic regions (e.g., the Sargasso Sea, oligotrophic North Pacific, Mediterranean Sea). However, the most common phytoplankton taxa in the Gulf of Aqaba (primarily ultraphytoplankton) are also dominant in other oligotrophic systems. The conceptual model described in this study captures much of the large-scale phytoplankton bloom dynamics in the Gulf of Aqaba; however, it ignores physical processes such as meridional advection and turbulent mixing as well as biologically driven processes such as trophic interactions, microbial loop activity, and N fixation. In light of the limitations of the conceptual model, our understanding of the phytoplankton dynamics in the Gulf of Aqaba would be further enhanced by a three-dimensional coupled physical and biological model.
